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Abstract
Using a scattering technique based on a parametrized linear combination of
atomic orbitals Hamiltonian, we calculate the ballistic quantum conductance
of multi-wall carbon nanotubes. We find that inter-wall interactions not only
block some of the quantum conductance channels, but also redistribute the
current non-uniformly over the individual tubes across the structure. Our
results provide a natural explanation for the unexpected integer and non-
integer conductance values reported for multi-wall nanotubes in Ref. [1].
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Carbon nanotubes [2,3] are narrow seamless graphitic cylinders, which show an unusual
combination of nanometer-size diameter and millimeter-size length. This topology, com-
bined with the absence of defects on a macroscopic scale, gives rise to uncommon electronic
properties of individual single-wall nanotubes [4,5], which – depending on their diameter and
chirality – can be either conducting or insulating [6–8]. Significant changes in conductivity
of these nano-wires may be induced by minute geometric distortions [9] or external fields
[10]. More intriguing effects, ranging from the opening of a pseudo-gap at EF [11,12] to
orientational melting [13], have been predicted to occur when identical metallic nanotubes
are bundled together in the form of a “rope” [14].
Electron transport in nanotubes is believed to be ballistic in nature, implying the absence
of inelastic scattering [1]. Recent conductance measurements of multi-wall carbon nanotubes
[1] have raised a significant controversy due to the observation of unexpected conductance
values in apparent disagreement with theoretical predictions. In these experiments, multi-
wall carbon nanotubes, when brought into contact with liquid mercury, exhibit not only even,
but also odd multiples of the conductance quantum G0 = 2e
2/h≈(12.9 kΩ)−1, whereas the
conductance of individual tubes has been predicted to be exactly 2G0 [15]. An even bigger
surprise was the observation of non-integer quantum conductance values, such as G≈0.5G0,
since conductance is believed to be quantized in units of G0 [16].
In this Letter, we demonstrate that the unexpected conductance behavior can arise from
the inter-wall interaction in multi-wall or in bundled nanotubes. This interaction may not
only block some of the quantum conductance channels, but also redistribute the current
non-uniformly over the individual tubes. We show that under the experimental conditions
described in Ref. [1], this effect may reduce the conductance of the whole system to well
below the expected value of 2G0.
The electronic band structure of single-wall [6–8] and multi-wall carbon nanotubes
[17–19], as well as single-wall nanotube ropes [11,12] is now well documented. More re-
cently, it has been shown that inter-wall coupling leads to the formation of pseudo-gaps
near the Fermi level in multi-wall nanotubes [19] and single-wall nanotube ropes [11,12].
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These studies have described infinite periodic structures, the conductance of which is quan-
tized in units of 2G0. In what follows, we study the effect of inter-wall coupling on the
transport in finite structures.
To determine the conductance of finite multi-wall nanotubes, we combine a linear com-
bination of atomic orbitals (LCAO) Hamiltonian with a scattering technique developed
recently for magnetic multilayers [20,21]. The parametrization of the LCAO matrix ele-
ments, based on ab initio results for simpler structures [22], has been used successfully to
describe electronic structure details and total energy differences in large systems that were
untreatable by ab initio techniques. This electronic Hamiltonian had been used previously
to explain the electronic structure and superconducting properties of the doped C60 solid
[23], the opening of a pseudo-gap near the Fermi level in bundled and multi-wall nanotubes
[12,19].
The scattering technique, which has recently been employed in studies of the giant mag-
netoresistance [20,21], determines the quantum-mechanical scattering matrix S of a phase-
coherent “defective” region that is connected to “ideal” external reservoirs [20]. At zero
temperature, the energy-dependent electrical conductance G(E) is given by the Landauer-
Bu¨ttiker formula [24]
G(E) =
2e2
h
T (E) , (1)
where T (E) is the total transmission coefficient evaluated at the energy E which, in the case
of small bias, is the Fermi energy EF [25].
For a homogeneous system, T (E) assumes integer values corresponding to the total
number of open scattering channels at the energy E. For individual (n, n) “armchair”
tubes, this integer is further predicted to be even [15], with a conductance G = 2G0 near the
Fermi level. As a reference to previous results [15], the density of states and the calculated
conductance of an isolated (10, 10) nanotube is shown in Fig. 1.
The corresponding results for the (10,10)@(15,15) double-wall nanotube [19] and the
(5,5)@(10,10)@(15,15) triple-wall nanotube, where the inter-wall interaction significantly
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modifies the electronic states near the Fermi level, are shown in Fig. 2. The density of
states of the double- and the triple-wall nanotubes are shown in Figs. 2(a) and (b), respec-
tively. The corresponding results for the total conductance are given in Figs. 2(c) and (d),
respectively. The conductance results suggest that some of the conduction channels have
been blocked close to EF . The inter-wall interaction, which is responsible for this behavior,
also leads to a redistribution of the total conduction current over the individual tube walls.
The partial conductances of the tube walls are defined accordingly as projections of the
total conductance and shown in Fig. 3. We notice that the partial conductance is strongly
non-uniform within the pseudo-gaps, where the effects of intertube interactions are stronger.
The experimental set-up of Ref. [1], shown schematically in Fig. 4(a), consists of a multi-
wall nanotube that is attached to a gold tip of a Scanning Tunneling Microscope (STM)
and used as an electrode. The STM allows the tube to be immersed at calibrated depth
intervals into liquid mercury, acting as a counter-electrode. This arrangement allows precise
conduction measurements to be performed on an isolated tube. The experimental data of
Ref. [1] for the conductance G as a function of the immersion depth z of the tube, reproduced
in Fig. 5, suggest that in a finite-length multi-wall nanotube, the conductance may achieve
values as small as 0.5G0 or 1G0.
The key problem in explaining these experimental data is that nothing is known about
the internal structure of the multi-wall nanotube or the nature of the contact between the
tube and the Au and Hg electrodes. We have considered a number of different scenarios
and have concluded that the experimental data can only be explained by assuming that (i)
current injection from the gold electrode occurs only into the outermost tube wall, and that
(ii) the chemical potential equals that of mercury only within the submersed portion of the
tube. In other words, the number of tube walls in contact with mercury depends on the
immersion depth. The first assumption implies that the electrical contact between the tube
and the gold electrode involves only the outermost wall, as illustrated in Fig. 4(a). The
validity of the second assumption – in spite of the fact that mercury only wets the outer
tubes – is justified by the presence of the inter-wall interaction. The main origin of the
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anomalous conductance reduction, to be discussed below, is the backscattering of carriers
at the interface of two regions with different numbers of walls due to a discontinuous change
of the conduction current distribution.
The conductance calculation is then reduced to a scattering problem involving a semi-
infinite single-wall nanotube (the one in direct contact with gold) in contact with a scattering
region consisting of an inhomogeneous multi-wall tube and the Hg reservoir as the counter-
electrode. Depending on the immersion depth, denoted by Hg(#1), Hg(#2), and Hg(#3) in
Fig. 4(a), portions of the single-wall, the double-wall, and even the triple-wall sections of the
tube are submersed into mercury. Our calculations are performed within the linear-response
regime and assume that the entire submersed portion of the tube is in “direct contact”, i.e.
equipotential with the mercury. Increasing the immersion depth from Hg(#1) to Hg(#2)
and Hg(#3), an increasing number of walls achieve “direct contact” with mercury, thereby
changing the total conductance G(E), as shown in Figs. 4(b)-(d) and Fig. 5. We also notice
that the conductance of the inhomogeneous multi-wall structure of Fig. 4(a) cannot exceed
that of a single-wall nanotube, which is the only tube in electrical contact with the gold
electrode.
The calculation underlying Fig. 4(b) for the submersion depth Hg(#1) considers a scat-
tering region consisting of a finite-length (5,5)@(10,10)@(15,15) nanotube connected to an-
other finite segment of a (10,10)@(15,15) nanotube. This scattering region is then connected
to external semi-infinite leads consisting of (15,15) nanotubes. The calculation for the sub-
mersion depth Hg(#2), shown in Fig. 4(c), considers a scattering region formed of a finite-
length (5,5)@(10,10)@(15,15) nanotube segment that is attached to a (15,15) nanotube lead
on one end and to a (10,10)@(15,15) nanotube lead on the other end. Results in Fig. 4(d)
for the submersion depth Hg(#3) represent the conductance of a (5,5)@(10,10)@(15,15)
nanotube lead in contact with a (15,15) nanotube lead. The calculated conductances de-
pend on the position of the Fermi level within the tube. Even though EF may vary with
the immersion depth due to a changing contact potential, we expect these changes to lie
within the narrow energy window of ≈0.05 eV, indicated by the shaded region. Our results
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of Figs. 4(b)-(d), suggesting discrete conductance increases from G≈0.5G0 for Hg(#1) to
G≈1G0 for Hg(#2) and Hg(#3) are in excellent agreement with the recent experimental
data of Ref. [1], presented in Fig. 5.
It is essential to point out that from our calculations we expect a conductance value
G≈0.5G0 only when a single tube wall is in direct contact with mercury. In the case that
a single-wall region is long, we expect this small conductance value to extend over a large
range of immersion depths [1]. In absence of such a single-wall segment, we expect for
the conductance only values of 1G0 and above. We believe that the anomalous sample-to-
sample variation of the observed conductance [1] is related to the structural properties of
the nanotube and not to defects which are believed to play only a minor role in transport
[26].
We also want to point out that a very difference conductance behavior is expected when
more than on tube is in direct contact with the Au electrode. As a possible scenario, we
consider an inhomogeneous nanotube similar to that in Fig. 4(a), where now all of the three
tube walls are in direct contact with the gold electrode. With two conduction channels per
tube wall, the conductance has an upper bound of 6G0. Calculations analogous to those
presented in Fig. 4 suggest a minimum conductance value G≈1G0 to occur for a finite-length
(10,10)@(15,15) tube segment sandwiched between (15,15) and (5,5)@(10,10)@(15,15) nan-
otube leads, representing the smallest submersion depth Hg(#1), with mercury in direct
contact with only the single-wall portion of the tube. The conductance value G≈2G0 is
obtained for a (10,10)@(15,15) nanotube lead in contact with a (5,5)@(10,10)@(15,15) nan-
otube lead, representing submersion depth Hg(#2), with mercury in direct contact with a
double-wall tube segment. Finally, depending on the position of EF , the conductance of a
triple-wall nanotube submersed in mercury, modeled by an infinite (5,5)@(10,10)@(15,15)
tube, may achieve conductance values of 4G0 or 6G0. Even though the inter-wall interaction
leads to a significant suppression of the conductance, the predicted increase in the conduc-
tance from 1G0 to 2G0 and 4G0−6G0 with increasing submersion depth is much larger than
in the scenario of Fig. 4. Also the predicted conductance values are very different from the
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experimental data of Ref. [1], thus suggesting that only the outermost tube is in electrical
contact with the gold electrode.
In conclusion, we have shown that the inter-wall interaction in multi-wall nanotubes not
only blocks certain conduction channels, but also re-distributes the current non-uniformly
across the walls. We have calculated conductance in several structures and concluded that
the puzzling observation of fractional quantum conductance in multi-wall nanotubes can be
explained by assuming that only the outermost tube wall is in electrical contact with the gold
electrode. Moreover, we have shown that the sample-to-sample variations in the conductance
are entirely related to the structure of the nanotube. A very similar behavior is expected
for bundled single-wall tubes of different length submersed into Hg or another metal. These
predictions raise important questions concerning the nature of the nanotube/metal interface,
which deserve further investigation both experimentally and theoretically.
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FIGURES
FIG. 1. Electronic density of states (DOS) (a) and conductance G (b) of an isolated single-wall
(10,10) carbon nanotube. The DOS is given in arbitrary units, and G is given in units of the
conductance quantum G0 = 2e
2/h≈(12.9 kΩ)−1.
FIG. 2. Electronic density of states and conductance of a double-wall (10,10)@(15,15) nan-
otube [(a) and (c), respectively], and a triple-wall (5,5)@(10,10)@(15,15) nanotube [(b) and (d),
respectively].
FIG. 3. Partial conductance of the constituent tubes of (a) a double-wall (10,10)@(15,15)
nanotube and (b) a triple-wall (5,5)@(10,10)@(15,15) nanotube. Values for the outermost (15,15)
tube are given by the solid line, for the (10,10) tube by the dashed line, and for the innermost (5,5)
tube by the dotted line.
FIG. 4. (a) Schematic geometry of a multi-wall nanotube that is being immersed into mercury
up to different depths labeled Hg(#1), Hg(#2), and Hg(#3). Only the outermost tube is considered
to be in contact with the gold STM tip on which it is suspended. The conductance of this system
is given in (b) for the immersion depth Hg(#1), in (c) for Hg(#2), and in (d) for Hg(#3) as a
function of the position of EF . The Fermi level may shift with changing immersion depth within
a narrow range indicated by the shaded region.
FIG. 5. Conductance G of a multi-wall nanotube as a function of immersion depth z in
mercury. Results predicted for the multi-wall nanotube discussed in Fig. 4, given by the dashed
line, are superimposed on the experimental data of Ref. [1].
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